Genome-wide association studies (GWAS) have identified numerous prostate cancer-associated risk loci. Some variants at these loci may be regulatory and influence expression of nearby genes. Such loci are known as cis-expression quantitative trait loci (cis-eQTL). As cis-eQTLs are highly tissue-specific, we asked if GWAS-identified prostate cancer risk loci are cis-eQTLs in human prostate tumor tissues. We investigated 50 prostate cancer samples for their genotype at 59 prostate cancer riskassociated single-nucleotide polymorphisms (SNPs) and performed cis-eQTL analysis of transcripts from paired primary tumors within two megabase windows. We tested 586 transcript-genotype associations, of which 27 were significant (false discovery rate r10%). An equivalent eQTL analysis of the same prostate cancer risk loci in lymphoblastoid cell lines did not result in any significant associations. The top-ranked cis-eQTL involved the IRX4 (Iroquois homeobox protein 4) transcript and rs12653946, tagged by rs10866528 in our study (P ¼ 4.91 Â 10 À5 ). Replication studies, linkage disequilibrium, and imputation analyses highlight population specificity at this locus. We independently validated IRX4 as a potential prostate cancer risk gene through cis-eQTL analysis of prostate cancer risk variants. Cis-eQTL analysis in relevant tissues, even with a small sample size, can be a powerful method to expedite functional follow-up of GWAS.
INTRODUCTION
Genome-wide association studies (GWAS) in prostate cancer (PrCa) have identified numerous replicable risk loci. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] One of the current major challenges is to understand the underlying biology behind these association signals. Unlike most genetic effectors of Mendelian diseases, the majority of GWAS-discovered risk variants tend to lie within intronic, intergenic, or gene desert regions.
One hypothesis is that these risk loci may contain variants located within regulatory elements, therefore modulating expression levels of nearby genes. 11 Gene expression levels are known to be heritable. [12] [13] [14] Genetic variants correlated with nearby transcript levels are defined as cis-expression quantitative trait loci (cis-eQTL). Indeed, GWASascertained phenotype-associated single-nucleotide polymorphisms (SNPs) are enriched in cis-eQTLs. 15 It is recognized that cis-eQTLs are highly tissue-specific. 16, 17 However, the acquisition of the appropriate tissue type is logistically challenging and the majority of eQTL studies were based on lymphoblastoid cell lines (LCLs). Recently, Grisanzio et al 18 reported five cis-eQTLs in prostate tissue (both normal and tumor) that alter expression of nearby genes. 18 Here, we present an unbiased cis-eQTL analysis of PrCa GWAS variants in prostate tumor tissue.
MATERIALS AND METHODS eQTL study subjects and tissue samples
Prostate samples were collected from 50 patients of European ancestry with localized or locally advanced PrCa treated with radical prostatectomy as monotherapy, as described previously. 19 The samples were collected as part of an IRB-approved protocol at Weill Cornell Medical College (New York, NY, USA).
RNA-seq and genotype data for cis-eQTL analysis
Total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA, USA) from frozen tissue blocks selected for high-density cancer foci and then prepared for sequencing with Illumina's (San Diego, CA, USA) sample preparation protocol for paired-end (PE) sequencing of mRNA, with slight modifications as described previously. 19 In brief, 5-10 mg of total RNA was heat-fragmented, reverse-transcribed with Superscript II (Invitrogen), and size-selected on a gel before ligation of the PE adapters. PE RNA-seq was performed on the Genome Analyzer II (Illumina) and reads were aligned using ELAND to the human genome (hg18/NCBI36). The average number of mapped reads per sample was around ten million. Mapped transcript levels were quantified in terms of RPKM (Reads Per Kilobase per Million) using RSEQTools. 20 The log 2 of RPKMs plus one was evaluated and the data were then quantile-normalized.
Genotype data from Affymetrix SNP 6.0 (Santa Clara, CA, USA) array data was generated from normal tissue as described previously. 21, 22 Only SNPs for which genotypes could be called for, at least 95% of the samples and for which the probe sequence specificity was compliant with empirically determined parameters, 23 were utilized.
SNP selection
SNPs used in the cis-eQTL analysis were selected as follows: 51 SNPs associated with PrCa from the NHGRI Catalog (accessed February 2011), 24 one SNP associated with PrCa from a fine mapping study of the 10q11 risk locus 25 and seven SNPs associated with levels of prostate secretions. 26, 27 For each SNP not present on the Affymetrix 6.0 array, pairwise linkage disequilibrium (LD), as measured by r 2 , was computed using genotype data from residents of Utah with northern and western European ancestry (HapMap3 CEU population; Altshuler et al; 28 http://hapmap.ncbi.nlm.nih.gov/). For each SNP, the SNP on the Affymetrix 6.0 array with the strongest LD was selected as the tag SNP. For comprehensiveness, we included poorly tagging SNPs to insure that any strong eQTLs at those loci would be discovered, even at the cost of increasing the number of tests and potentially missing some weaker eQTLs after correcting for multiple testing. Three SNPs failed quality control filters as described previously. 23 Supplementry Table S1 lists all SNPs tested.
Cis-eQTL statistical analysis
Cis-eQTL analysis was performed as described previously. 29 Briefly, we performed cis analysis by first identifying all genes whose transcriptional midpoint are within 1 Mb of the SNP being tested. We then tested each SNPtranscript pair for an allele dosage effect of SNP on expression levels in a linear model. To account for multiple hypothesis testing, we defined statistical significance as having a false discovery rate (FDR) o10%. 30 
LCL eQTL analysis
Microarray data previously generated on the Illumina WG-6 microarray platform 31 on 60 CEU EBV-transformed LCLs was correlated with genotypes generated by the HapMap project. 32 Statistical analysis was the same as described above for the prostate tissue eQTL analysis.
Copy number change analysis at the IRX4 locus
To investigate the presence of somatic copy number changes at the IRX4 (Iroquois homeobox protein 4) locus, Affymetrix 6.0 data from the corresponding tumor tissues were queried. Tumor data were preprocessed as described previously 21 and data normalization was performed against the paired normal samples to correct for germline copy number variants.
Imputation and fine mapping association
PrCa case-control sets of European Americans (1235 cases, 1214 controls) from the Cancer Genetic Markers of Susceptibility (CGEMS) study 33 and Japanese Americans (1040 cases, 1093 controls) and African Americans (2327 cases, 2508 controls) from the GENEVA study of the Multiethnic Cohort 34 were obtained from dbGaP (accessions phs000207.v.1.p1 and phs000306.v.2.p1, respectively). The data sets used for the analyses described in this manuscript were obtained from dbGaP at https://dbgap.ncbi.nlm.nih.gov. Additional SNPs in the 50 kilobase (kb) region flanking rs10866528 (chr5: 1 866 772-1 916 869, hg19/GRCh37) were imputed using IMPUTE 2. Results are listed by descending allelic P-value, with FDRs, the correlated gene, distance between the tag SNP and the gene in kilobases, the tag SNP genotyped on the Affymetrix 6.0 SNP chip, the published prostate cancer risk SNP and r 2 and D 0 between these two SNPs in the HapMap3's CEU population.
Association analysis in an Ashkenazi Jewish PrCa case and control study
Ashkenanzi Jewish prostate case and control samples were obtained under IRBapproved protocols as described previously. 38 Briefly, PrCa cases presented at Memorial Sloan-Kettering Cancer Center (MSKCC) with histologically confirmed PrCa. Control DNA came from healthy men in New York. All cases and controls have self-reported four grandparents of Ashkenanzi ancestry. Samples were genotyped with a Taqman SNP Genotyping Assay (Applied Biosystems, Carlsbad, CA, USA) (C_1186265_10 for rs12653946) in an ABI 7900HT according to the manufacturer's directions. Association analyses were performed in PLINK v.1.07 under an allelic model. 39 The genotyping rate for rs12653946 was 90%. Rs12653946 did not deviate from Hardy-Weinberg equilibrium in this study population (P ¼ 0.9193).
Association in the Tyrol Prostate-Specific Antigen Screening Cohort
The Tyrol Prostate-Specific Antigen Screening Cohort was recently genotyped for a case-control study on inherited copy number variants. 40 SNP genotype information for rs10866528 was interrogated for association with PrCa risk.
RESULTS
Association between PrCa risk loci and expression levels of nearby genes Fifty-nine SNPs (tagging 52 PrCa risk SNPs and 7 SNPs associated with prostate secretions) spanning 39 distinct PrCa risk loci were tested for association with expression levels of nearby transcripts (Supplementry Table S1 ). Out of 586 total SNP-transcript associations tested, 27 had an FDR of o10% (Supplementry Table S2 ). Removal of poorly tagged SNPs (r 2 in CEU o0.7) and redundant eQTLs due to strong LD between tested SNPs resulted in 14 highquality putative eQTLs spread over seven distinct loci (Table 1) . We tested the tissue specificity of these putative eQTLs by performing an equivalent analysis in a set of 60 LCLs. Out of the same list of 52 PrCa risk SNPs, none were found to be eQTLs in LCLs with an FDR o10%.
The strongest association was between IRX4 and rs10866528 (P ¼ 4.91 Â 10 À5 , FDR¼ 0.00468). The genotype associated with the highest risk of PrCa was correlated with lower IRX4 expression ( Figure 1 ). Rs10866528 tags the PrCa risk SNP rs12653946, a risk SNP originally discovered in a Japanese population. 5 The two SNPs are in perfect LD in HapMap's Japanese in Tokyo, Japan (JPT) cohort. There was no evidence of somatic copy number changes at this locus in our prostate tumor samples. The remaining statistically significant eQTLs were considerably weaker associations (P ¼ 0.0141-0.002) ( Table 1) .
Population-dependent association at the IRX4 locus As the association between SNPs near IRX4 and PrCa was first reported in a Japanese population, 5 despite previous larger GWAS in populations of European descent, we hypothesized that there might be population differences in the effect of this SNP on PrCa risk. A literature review of the original GWAS and all subsequent replication studies of the association of rs12653946 with PrCa risk revealed a population effect on the strength of association ( Table 2) . The odds ratio (OR) of rs12653946's association with PrCa in the original Japanese study was similar to subsequent replication studies in the Han Chinese population (OR ¼ 1.26-1.41), 41, 42 whereas studies in populations of European descent found lower ORs overall (OR ¼ 1.11-1.20). [43] [44] [45] In contrast, a replication study carried out in African Americans did not report a statistically significant association (OR ¼ 1.05). 46 The minor allele at rs12653946 is common across the studied populations with a minor allele frequency (MAF) of 0.35-0.44 and is also uniformly the risk allele.
One possibility that may explain this discrepancy among populations is that the true causative variant may be better tagged in Asian populations by rs12653946 than in other populations studied. PrCa risk SNP is an eQTL for IRX4 in the prostate X Xu et al Indeed, differences in LD structure in HapMap3 populations reveal divergence at this locus ( Figure 2 ). The correlation between rs10866528 and rs12653946 genotype also differs by ethnicity (Supplementry Table S3 ). In the HapMap3 Japanese (JPT) samples, the two SNPs are perfectly correlated with r 2 ¼ 1. In Chinese from Beijing, China (CHB) and Chinese from Denver, Colorado (CHD), LD is still strong, with r 2 of 0.972 and 0.951, respectively. LD begins to lower in CEU with r 2 ¼ 0.849, and drops drastically in Yorubans from Nigeria (YRI), with r 2 ¼ 0.659.
Imputation of 5p15 in multiple populations
To account for fine-scale LD structure at this locus and to determine if variants with higher effect sizes could be detected in other populations, we imputed a 50 kb genomic region flanking rs10866528 in three different ethnic populations (Japanese-American, European-American and African-American), with data sets available in NIH's Database of Genotypes and Phenotypes (dbGaP). After imputation using reference panels available from the 1000 Genomes Project, we performed an association analysis to ask which variants were most strongly associated with PrCa in each population (Figure 2 ). Our analysis revealed a block of strong LD of about 7 kb in the Japanese population that included rs10866528 and rs12653946. This block was relatively uniform in its strong association with PrCa. There were no study-wide significant associations found in any of the other populations.
Association of IRX4 SNPs with PrCa in Ashkenanzi Jewish and European case-control studies
We also tested whether SNPs at the IRX4 locus were associated with PrCa in two case-control studies of PrCa risk (Table 3 ). In a study of Ashkenanzi Jewish PrCa cases and controls in New York, 38 we found evidence for association of rs12653946 with OR ¼ 1.18 (95% CI: 1.02-1.37) at a P-value of 0.0286. We were unable to test the association of rs10866528 with PrCa in our Ashkenanzi Jewish group because of technical problems with the stock TaqMan assay. No association was found between rs10866528 and PrCa in the Tyrol Prostate-Specific Antigen Screening Cohort (P ¼ 0.9892; OR ¼ 1.002). 40 We did not test rs12653946 in this cohort as our analysis was based on existing Affymetrix SNP 6.0 microarray data.
DISCUSSION
Our cis-eQTL study based on 50 prostate tumor samples found evidence for several eQTLs at PrCa risk loci. The strongest eQTL's gene target, IRX4, was not known to have a role in PrCa at the initiation of the study. IRX4 is a transcription factor that has previously been studied in the context of vertebrate heart chamber patterning. 47 An IRX4-deficient mouse had normal embryonic cardiac morphology and adult-onset cardiomyopathy. 48 Recently, a targeted cis-eQTL study in Japanese PrCa tissues reported the rs12653946-IRX4 eQTL. 49 In concordance with our study, they observed that the PrCa risk allele at rs12653946 correlated with lower expression of the IRX4 transcript in prostate tissue. Their functional analyses found several variants upstream of IRX4 that alter transcriptional activity, as well as a tumor-suppressive role for IRX4 in PrCa cells. Our analyses extend the finding of a cis-eQTL at this locus to a European population.
We found no evidence for somatic copy number alterations at IRX4 in the prostate tumors studied, suggesting that, at least in our study, such somatic alterations do not contribute to variability in IRX4 expression.
Our exploration of the IRX4 locus in several populations revealed a population specificity for the strength of association of rs12653946 with PrCa; studies in Japanese and Han Chinese populations displayed a stronger association than in non-Asian populations. Several explanations may account for this difference. Fine-scale LD is variable at this locus and there may be population-specific tagging of the causative variant by the risk SNP. As we were not able to find a strong association signal in European-American or African-American Figure 2 Population-specific PrCa association results after imputation at 5p15. Association results are overlaid over colored representations of r 2 from rs12653946 (purple diamond), as visualized with LocusZoom. 53 PrCa risk SNP is an eQTL for IRX4 in the prostate X Xu et al individuals after imputing existing GWAS data, we doubt that such population-specific tagging of a common variant explains the population differences. Although gene-environment interaction is a formal possibility, our results argue against it. Japanese Americans in Hawaii and Los Angeles display the same strong association as Japanese in Tokyo, whereas no association is observed in African Americans from Los Angeles. Alternatively, the causative variant may be a rare variant of large effect and may be even less common in nonAsian versus Asian populations or different causal rare variants or gene-gene interaction effects may exist in different populations at this locus. We note that the magnitude of effect of the SNP on IRX4 expression levels appears similar in our study of individuals of European ancestry and previously reported data from Japanese individuals, 49 raising the possibility that the population differences of the SNP effect on disease risk are due to factor(s) acting downstream of IRX4.
Although the correlation between rs10866528 and rs12653946 also weakened from Asian populations to European and African-American populations, the causative variant for PrCa risk does not appear to be better tagged by rs10866528, as there is clearly no evidence for association between rs10866528 and PrCa in a Tyrol-based European population.
Among the weaker associations discovered in our study, several are likely to be true positives. An eQTL in prostate tissues at 10q11 for NCOA4, a known androgen receptor coactivator, has been reported previously. 50 Rs5945619 has been also found to be an eQTL for NUDT11, 18 a diphosphoinositol polyphosphate phosphohydrolase. Lastly, rs7250689 has been previously found to be associated with levels of PPP1R14A in monocytes (eQTL browser, http:// eqtl.uchicago.edu/). 51 In summary, out of the seven distinct highquality, statistically significant eQTLs discovered in our study, four have been previously described as eQTLs, and three in prostate normal and tumor tissue specifically. Out of the gene targets for the three eQTLs that had not been described previously, FAM83F has no known protein function; FOXP4 is a transcription factor involved in development; and CYBRD1 is a reductase enzyme involved in iron metabolism in the duodenum. None of these have any reported connection to PrCa.
Simultaneously, we found no evidence for eQTLs at any of the known PrCa risk loci in LCLs, suggesting that the putative eQTLs are tissue specific. We note that as we only considered potential eQTLs for which the FDR was below 10%, there could be less significant eQTLs for PrCa risk SNPs observable in LCLs. However, even if this were the case, it would not discount from the observation that many PrCa risk SNPs are eQTLs in prostate tumors at an FDR of 10%, whereas no such associations are observed in LCLs with a comparable sample size. Although many tissues can contribute to disease predisposition, this observation emphasizes the importance of considering tissue type carefully before undertaking an eQTL study with known disease risk SNPs. We note that in this study, we only considered prostate tumors. Other tissue types, such as benign prostate tissue and stromal tissue, may also have a role in PrCa etiology. Therefore, although such tissue types were not available for this study, a comprehensive eQTL study of PrCa risk loci should include those tissues as well.
We did not replicate a known PrCa eQTL for rs10993994 at microseminoprotein-b (MSMB). We had previously observed that rs10993994 and other SNPs at 10q11 are associated with levels of b-MSP, the protein product of MSMB. 26 Others had observed association between rs10993994 and MSMB mRNA levels in both prostate tumor and normal tissue, although the signal was stronger in normal tissue. 50 Although we did not observe a study-wide statistically significant correlation of SNPs at 10q11 with MSMB levels, we note that rs3123078 at 10q11 was nominally associated with MSMB levels (P ¼ 0.047). Rs3123078 is a PrCa risk SNP 10 and resides 24.6 kb upstream of MSMB. We hypothesize that several factors combined to result in only observing such a weak association. The sample size of this study was modest (n ¼ 50), limiting our power. Moreover, the strongest risk SNP at MSMB, rs10993994, was only tagged at r 2 ¼ 0.7 in this study, meaning our effective sample size for testing rs10993994 was n ¼ 35. As we examined prostate tumors rather than normal tissues, the expected effect size for this association was also attenuated, further reducing power. 50 Similarly, no statistically significant eQTL was observed at the other 32 distinct PrCa loci tested. Besides the aforementioned possible reasons, there may be biological reasons for a lack of correlation with cis-gene expression. The causal risk variant may be regulatory through a different mechanism, such as alternative splicing. The causal risk variant may regulate expression in a different tissue or temporal context. For instance, PrCa risk SNPs at the 8q24 locus appear to regulate c-myc expression patterns, but these same risk SNPs are not correlated with steady-state c-myc expression levels. 52 The risk locus may be due to a non-regulatory mechanism, such as tagging for a coding variant. Although more comprehensive and larger eQTL studies in appropriate tissues are warranted, such analyses alone are unlikely to resolve fully the question of how prostate associated risk loci contribute to disease development.
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